ABSTRACT
INTRODUCTION
In scientific publications, various kinds of traffic accidents are discussed; they include collisions of vehicles [1] , hitting a pedestrian [2] , knocking of vehicles against obstacles and so on. To avoid knocking of the following vehicles against appearing obstacles, or stopped vehicles, the braking parameters, the adherence properties [3] , the driving velocities and other factors should be taken into account. The adherence of the wheels of a vehicle with the pavement depends on the type and the quality of the latter [4, 5] . In the research work carried out by the Department of Transportation Engineering, three key types of traffic events were singled out: non-observance of a safe distance between vehicles, head-on collisions, off-going from the road and knocking against an obstacle. In the course of research, it was found that the above-listed types of traffic events account for about 75% of all traffic accidents.
Upon striving to improve the working conditions for drivers and to reduce the accident rate, special information systems united by the joint conception -so called Intelligent Transportation Systems (ITS) are developed and improved. The essential part of ITS is Vehicular Ad Hoc Network (VANET) [6] . Vehicular ad hoc networks (VANETs) are networks in which each node is a vehicle. Such systems aim to provide communications between individual vehicles and between vehicles and nearby fixed equipment, or roadside units. The goal of VANETs is to improve the traffic safety by providing timely information to drivers and concerned authorities.
The concept of VANET is used when talking about communication technologies between vehicles and ITS infrastructure to improve, among others, road safety [7, 8] . Vehicular networks are becoming a reality that will enable a variety of applications such as safety, traffic efficiency, and infotainment. There has been significant interest and progress in the field of VANETs over the past years which can provide a range of applications to improve safety, efficiency and convenience in transportation by means of Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure (V2I) communications [9] . Milanes et al . [10] analyze V2V communication system in which the activation of braking is based on the measurement of two variables: the distance between the vehicles and acceleration of the leading vehicle. Failure probability is checked during driving with adaptive cruise control system. Negative effects of the parasitic time delays and lags on the motorcade stability have been investigated [11] .
Collective safety applications are based on the frequent exchange of short status messages, also known as beacons by the vehicles. In VANETs, which are based on IEEE 802.11p protocol [12, 13] , beacons are broadcast periodically by each vehicle. Beacons carry the information about the vehicle, such as its position, velocity, acceleration and messages content type. According to several situations, three types of safety messages [14] are normally assigned: Information Message (IM), Warning Message (WM) and Emergency Message (EM).
The mission of IM is announcement of driving information, such as information about traffic jams on some road segments to direct the driver to the fastest and least congested road. WM should be sent to advertise an important event on the road but not immediate (critical) danger. The mission of EM is immediate danger notification. This type of messages is sent in case of accidents, very bad road condition, such as ice, fog etc.
The analysis of the published papers that failed to detect work with safety messaging issue is addressed holistically, in relation to the vehicle dynamic properties and the driver's individual properties. This paper presents a comprehensive study of VANET as a warning service system to prevent accidents by alerting drivers about accidents and dangerous road conditions. In short, this study seeks to answer the question: when and under what conditions the EM sent by V2V system reaches the final target to help in preventing serious accidents, such as multi-vehicle collisions.
This paper consists of a short review of vehicle braking, motorcade of moving vehicles and vehicle communication model used in further analysis. Emergency braking is presented by two scenarios, with and without communication system, and according to this, the calculations of time to collision and residual velocity by the vehicle number in motorcade are established.
BASICS OF VEHICLE BRAKING
The vehicle braking deceleration is an important indicator reflecting vehicle braking performance. The deceleration value is often expressed by the formula:
where: g is the acceleration of gravity (g = 9.81 m/s 2 ); n is the vehicle coefficient of friction which depends on the properties of vehicle tires, road type and weather conditions.
Assuming that the deceleration remains constant during braking time T, the residual velocity is:
2) The variation of velocity during braking time T:
By this assumption, path travelled during time T:
where v v t 
) in emergency braking ( e n n = ) is:
The stopping distance Xs n D^h is the distance run by a vehicle with initial speed v0 after brakes run to full stopping. Theoretical stopping distance is calculated using the following formula:
The values of stopping time Ts D and stopping distance Xs D are theoretical values established only on the basis of the laws of physics from the moment when the brakes are activated. The total stopping time and the total stopping distance are Ts and Ds and they are calculated from the moment when the driver notices an obstacle to the vehicle full stopping. In this time span, additional driver perception-reaction time and vehicle reaction time decreases:
where tre is time required to recognize the obstacle as a hazard; tpr is the pre-braking time. This is the period of time that elapses between the moment the hazard is recognized and the start of braking:
where r x is the driver's reaction time; u x is the transfer time during the time it takes the driver to put foot on the brake pedal; a x is the brake response time; s x is the pressure build-up time [2] .
The time required to recognize the obstacle as a hazard varies within the range of 0.2-0.6 s. The prebraking time of individual drivers varies within the range of 0.75-1.5 s [15] . According to other sources, the driver's reaction time is 0.6-1.2 s. The vehicle maximum (emergency) deceleration depends on the road type and weather conditions, on vehicle type and road conditions [16, 17] . Depending on the vehicle weight and size as well as the road conditions (dry, wet, snowy, icy), emergency braking friction coefficients e n may vary theoretically from 1.0 to 0.1. Some papers introduce additional vehicle safety indicator -tire condition . 0 1 1 l = -h [18] , which reduces the coefficient of friction. In this paper this coefficient is used as constant for all vehicles of motorcade. Therefore, when counting driver reaction time and the response time of the brake system, the vehicle stopping distance is:
The next important safety indicator is the distance or spacing between the following vehicles d , 
where s i is the safe time gap. This time gap shall be 2 3
MOTORCADE OF VEHICLES ON MOTORWAY
Consider a platoon of vehicles Ci , Ci 1 + , ... , Ci j + , ... (j = 1, 2, ... , n) running on the highway in a string ( Figure 1 ). For each vehicle, the following is defined: Li -the i-th vehicle length,
g -the position, velocity, and acceleration of the i-th vehicle, respectively, on the road at time t.
As shown in Figure 1 , the spacing between the vehicles Ci and Ci 1
The total distance D , i i j + between vehicles Ci and Ci j + is expressible through the spaces between the vehicles and lengths of vehicles:
This paper analyzes two scenarios of vehicle braking. The first scenario -as is the current practice, where vehicles are not equipped with VANET systems. The second scenario, when the vehicles are equipped with radio communication system VANET. For the analysis of emergency stop of vehicles, we chose a passive obstacle. It can be seen, but cannot send any alarm.
SIMPLE V2V SYSTEM MODEL
The chosen V2V communication model is based on beacon messages. Beacon messages are broadcast periodically and inform the neighbouring vehicles of their existence. Every beacon message contains unique vehicle identifier, a time stamp, vehicle's position, velocity, acceleration. In an emergency, V2V system sends the alarm message.
Delivery latency and reliability of EM are critical performance measures of V2V system.
The message sent by vehicle Ci to the neighboring vehicles gets to them a little later. This message delay depends on the channel bandwidth and the distance between vehicles. Research results [18] show that at short range (up to 100 m) direct (without repeater) transfer takes 0.133-0.266 ms. As can be seen, the physical transmission times are quite small.
If the first communication is unsuccessful and EM is accepted on the repeated broadcasting, an additional delay appears. In VANETs based on IEEE 802.11p protocol, it conforms to beacon repetition period equal to 100 ms. Each additional EM repetition should add a delay of 100 ms.
The reliability of transmission of beacon messages as well as emergency messages depends on the distance between vehicles and on additional obstacles between V2V as well as on the absence (Line of Sight (LOS) conditions) or existence (NLOS conditions) of any additional obstacles between V2V stations. In NLOS conditions the receiver gets only the reflected waves and the connection is less reliable. According to [19] , the reliability of successful transmission of beacon In this paper, we confine ourselves strictly to the idealized model of V2V system; all EM transmissions are considered successful and their delays not exceeding 100 ms.
EMERGENCY BRAKING
Suppose that under poor visibility conditions (fog or snow) on the road, a substantial obstacle that cannot be bypassed or avoided (Figure 2a) occurred. The position of this obstacle is xc . The drivers having noticed this obstacle begin to stop and the vehicle queue stops, as shown in Figure 2b . In this situation, if a part of the vehicles collide, there may be other possible bad consequences.
Assume that a driver of the leading vehicle C1 being in point x t 1 0 ] g at time t0 noticed an obstacle on the road. At this point, the rest of the way to the obstacle equals:
(13) Potentially possible braking distance for vehicle C2 is longer (Figure 2a) and equals:
Accordingly, the possible braking distance for vehicle Cj is:
These theoretically possible braking distances are established for the conditional moment t0 , i.e. the moment when a driver of the leading vehicle C1 noticed an obstacle on the road. It is considered that a driver of the j-th vehicle could not see the obstacle directly, so they begin braking somewhat later -at moment tbj , when they notice that the vehicle ahead begins braking suddenly or receive a warning signal through V2V system. Prior to moment tbj, the initial velocity v0 of all vehicles is the same. So, the stopping distance of the j-th vehicle decreases and becomes equal to:
As it may be seen, the said stopping distance depends on the location (position number) of the vehicle in the motorcade and on the real delay of the beginning of braking that, in its turn, depends on the chosen scenario -with or without VANET system.
Time series of emergency stop of vehicles
As mentioned above, the driver of the leading vehicle C1 was able to see the obstacle at time t0 . The actual emergency braking begins a bit later, as each driver needs time to recognize an obstacle as hazard and to react to it. First stopping is initiated by the vehicle driver and is fully autonomous. The actual braking starts when the driver understands that it is necessary to stop at the moment:
where tre is time required to recognize the obstacle as a hazard; tpr is the pre-braking time, including driver's reaction and brake system response times (Equation 8). In this case, VANET equipment causes no influence. The obstacle is not visible in advance to other drivers. Start of other ( C2 , C3 , ...) vehicles braking depends upon whether they are equipped with VANET or not. These two scenarios resulted in differing initial conditions for the emergency braking.
In the first scenario (without VANET), stopping conditions of vehicles C2 , C3 , ... are identical to those of vehicle C1 . The driver of vehicle Cj (j = 2, 3, …) begins to stop only when they notice that vehicle Cj 1 -, which they follow suddenly stops (here assumed that the driver of vehicle Cj can only see vehicle Cj 1 -stop, but cannot see other vehicles ahead -Cj 2 -, ...)
b. 
Figure 2 -Motorcade on freeway
where t t rej p rj + is the total response time of the driver and the braking system of the j-th vehicle.
As can be seen, in this case, the start of braking time of Cj vehicle increases with vehicle position number.
In 
where tdj V is the EM transmission time to vehicle Cj . Comparing the braking time sequences (18) and (19) it is found that VANET system can reduce the delay of applying the brakes in a motorcade at size: Upon taking the said into account:
If tre and tpr are the same for all vehicles of the motorcade, the installed V2V system may reduce the delay of the moment when vehicle Cj of the motorcade begins stopping by the following value:
As seen, the installed VANET system eliminates the response time of the drivers and the brake systems of j 1 -vehicles.
Actual distance to collision
The actual possible distance of vehicle Cj to collision is expressed as a sum of the distances between vehicles formed at moment tbj , when vehicle Cj begins braking. The actual distance to collision of the first vehicle C1 depends only on the initial distance d t ] g and on the reaction time of the drivers of vehicle C1 and vehicle C2 , respectively. However, the moment of beginning of braking by vehicle C2 depends on the presence of V2V system in the first vehicle. So, if the first or the second scenario is chosen, each case should be analyzed individually.
In the first scenario, the actual distance to collision for the second vehicle is: 
(24) Similarly, the actual distance to collision for the j-th vehicle is expressed as: + is the total response time of the driver and the brake system of the j-th vehicle.
Let's suppose that all vehicles keep the safe dis-
, that the lengths of the vehicles are the same and equal to L, their pre-braking times are the same and the reaction times of all drivers are the same as well. A simple expression of the actual distance to collision is found:
, , j 2 3 f = (26) In the second scenario when the vehicles are equipped with radio communication system VANET, the actual distances to collision shall be expressed as follows: , , , 
d t d t v t t d t d t d t v t t t t d t d t v t t t t
, the lengths of the vehicles are the same and equal to L, their pre-braking times are the same and the reaction times of all drivers are the same, the actual distance to collision is found from the following expression:
, , j 2 3 f = (28) On comparing the scenario without VANET and the scenario with VANET, the differences of the actual distances to collision become evident: ,
If we suppose that the reaction times of all drivers are the same, the following expression for the difference of the actual distances to collision will be obtained:
(30) This equation could be changed as follows:
(31) It may be seen from the above that with the growing velocity and the position number of vehicles, the difference of the actual distances to collision grows linearly.
As seen in the second scenario, when the vehicles are equipped with radio communication system VANET, the difference of the actual distances to collision grows with the growing of the position number of a vehicle in the motorcade.
CRASH AVOIDANCE CONDITIONS
Vehicle Cj will avoid a collision, if its residual distance d t j bĵ h equals to or exceeds its physical stopping distance X D expressed by formula (6):
Upon the conditions of the first scenario, the residual distance d t j bĵ h is described by expression (25). When pre-braking times of all vehicles are the same and the reaction times of all drivers are the same as well, the following inequation is obtained:
(33) From the inequation, the sought natural number j that conforms to the number of the vehicle in the motorcade is found: 
Upon the conditions of the second scenario, the residual distance d t j bĵ h is described by formula (28); on using it, an analogous inequation is obtained: 
All vehicles with the position numbers j in the motorcade that satisfy the conditions of equations (34) or (36) will avoid a crash. The lowest of these numbers hereafter are marked Js and Js V respectively. Several examples are shown in Table 1 . 
Time to collision
Vehicle C1 may stop before encountering an obstacle, if the distance to the obstacle d Ds 0 $ is no less than stopping distance given by (9) . If the distance to the obstacle d0 is less than the stopping distance
, an accident will occur, i.e. the vehicle will encounter an obstacle. The time to collision TC1 of vehicle C1 is calculated using equation (4) 
Negative value under the root means that the distance between vehicles is larger than necessary to avoid collision.
For other vehicles, time to collision is calculated according to formula (38) where d tb 1 1 ] g is replaced
On analyzing time to collision of vehicle Cj in the first scenario, variable d t j bĵ h is described by expression (25) and on analyzing its time to collision in the second scenario, the said variable is described by formula (28).
When pre-braking times of all vehicles are the same and the reaction times of all drivers are the same as well, time to collision of vehicle Cj in the first scenario is: 
(41) Time to collision gaining upon different road conditions is shown in Figure 3 . It is a graphical image of the difference between the values calculated according to formulas (40) and (41): Figure 3 means that the collision is avoided and growing columns mean the increasing time to collision because of the VANET system effect.
The key effect of the communication system between vehicles in a motorcade is caused by elimination of the time for recognizing an obstacle by a driver. In this case, the driver needs no time to recognize traffic danger, so onlytheir ordinary reaction to emergency signal (EM) remains. So, the effect of VANET system is higher when the time for recognizing an obstacle by a driver is longer, for example, in conditions of poor visibility. The system is particularly efficient in the traffic scenarios where high velocities and monotonous driving conditions prevail. In such cases, drivers are not ready to meet unexpected obstacles and their reaction to dangerous traffic situations is delayed.
In Figure 3 , specific traffic conditions are shown. In the case shown in Figure 3a , when the pavement is slippery, the maximum differences of times to collision are obtained. If the initial velocity is 90-130 km/h, VANET system enables the fourth and the fifth vehicles of the motorcade to gain 5.4-6.8 s of the time to collision. Upon the condition of wet road (Figure 3b) , a higher gain in the time to collision was found for the third vehicle of the motorcade, when the velocity starts from 110 km/h.
Emergency residual velocity
Emergency residual velocity characterizes the vehicle speed or amount of energy on the moment of the vehicle collision. At the end of period TC1 , emergency residual velocity is calculated according to formula (17) Figure 4 shows the emergency residual velocity of specific vehicle of the motorcade without and with VANET system. The initial driving conditions are chosen the same as in the cases shown in Figure 3 above. On comparing the graphs for cases without and with VANET system, an evident effect of the communication can be observed. For snowy road conditions (Figure 4a) , only four cases of reaching the obstacle by the vehicle at the velocity of 0 km/h, i.e. avoiding collision, are shown. Under the same conditions, the sixth and the seventh vehicles of the motorcade equipped with VANET system will reach the obstacle safely in all cases under analysis. In dry asphalt conditions, a danger (in the presence of the communication system) was established only for the second vehicle of the motorcade; it also exists for the third vehicle when the velocity exceeds 150 km/h. 
